Although considerable information has been obtained on the rate of blood flow in many organs (1) , few data have been reported on the blood flow in human or animal bone marrow (2) . The neglect of this aspect of marrow physiology is probably due to the technical difficulties encountered in gaining access to the blood vessels of this diffuse organ in the intact animal or man.
The extensive application of the radioisotope clearance technique described by Kety (3, 4) for the estimation of the regional circulation in muscle, liver, subcutaneous tissues, brain tissue, and skin (4) (5) (6) (7) (8) (9) (10) suggested its use as a clinically applicable method for the evaluation of the effective local blood flow in the human bone marrow. This method is based on the premise that if a diffusible tracer substance is introduced into a tissue its clearance or removal is a function of all possible factors contributing to the local blood flow at the site of injection.
In the present study, the relative rates of clearance of II8' from the bone marrow were determined in patients with various malignant diseases and leukemia. The radioiodide was injected into the bone marrow through a standard bone marrow needle, and the rate of disappearance of the isotope was measured with a GeigerMueller counter. In addition, simultaneous determinations of I'll clearance rates from the gastrocnemius muscle were obtained for comparing the clearance rates obtained in the bone marrow 1 Presented in part at the Annual Meeting of Western Section of the American Federation for Clinical Re- search, Carmel, California, January 24, 1952. with those found in an anatomically and physiologically different vascular bed.
MATERIALS AND METHODS
Clinical material: Forty-three patients with a variety of malignant diseases and leukemia were studied (Table   I ). The patients were grouped into seven major groups as indicated in Table I . They varied in weight from 28 to 91.6 kilo, and all had normal blood pressures except M. D. and E. H., whose pressures were 175/110 and 160/110, respectively (Table I ). The subjects were studied under resting but not basal conditions. The environmental temperature varied from 20 to 250 C.
Marrow technique: The sternal marrow and the gastrocnemius muscle were studied simultaneously in each patient (Table I) . In a few subjects the tibia and the ilium were employed. The iliac crest site was approximately two centimeters posterior to the anterior superior spine of the ilium and the tibia was studied at the tibial tubercle. active contamination, and the wound was sealed with collodion.
Marrow was obtained for cytological examination at the end of counting procedure in most instances. In a few patients, however, 0.1 to 0.2 cc. of marrow was obtained at the start of the study without demonstrable alteration in clearance. In the later instances care was taken to inject the I' well beyond the point of the aspiration. Routine differential counts of the marrow samples were made with both supravital and Wright stained fixed preparations. Usually 200 cells were counted for the differentials.
In most patients, I clearance rates of the gastrocnemius muscle were simultaneously determined, except where noted (Table I The window thickness of the tubes varied from 3.5 to 1.8 mg. per cm.'. The window-to-tissue distance was 0.5 cm. In addition, two layers of gauze were interposed between the counting tube and the skin over the marrow site. The radiation detected in the marrow under these conditions of geometry is predominantly gamma radiation. The Geiger-Mueller tubes were coupled to two conventional scalers, one tube being used for the marrow study and the other for the muscle determination. Each injection site was counted for a total of 1,024 counts, every 30 to 60 seconds. The counting was carried out for fifteen to thirty minutes after injection. In all cases the counts were greater than ten times background.
Failure to obtain a decrease in counting rate with respect to time was indicative of gross skin contamination by radioiodide. The high efficiency of our tube for beta radiation and the absence of a physiological mechanism for removal of I' from the skin provided an extremely sensitive measure of skin contamination.
Where skin contamination occurred, an attempt was made to resume counting after careful cleansing with 70 per cent alcohol. Data were rejected if counting could not be started within three minutes after the injection of I. Data were also rejected if a single exponential decrease did not occur within the first 15 to 30 minutes 8 B-4-hydroxyphenylisopropylamine. 4 Hexamethonium bromide.
after inj ection. Skin contamination not sufficient to obscure marrow clearance was manifested by failure to obtain a single exponential decrease, since the I' on the skin would contribute an essentially constant number of counts to the counting rate during the time of the study. Skin contamination did not occur with the muscle studies since the I' was injected into the muscle from a lateral position. This enabled counting to be done over skin that was out of the puncture site.
Studies were made to ascertain whether the radioactivity being measured was actually in the bone marrow and that the clearance curves were not significantly influenced by extravasation of minute amounts of blood containing radioiodide into the subcutaneous tissues. Marrow clearances were made employing aluminumshielded (1.96 mg. per cm.') Geiger tubes. Counting was continued until the clearance curve was established, after which the aluminum shield was removed and the curve again determined. The clearance curves obtained in this manner were not significantly different, indicating that the radioiodide was injected into the bone marrow and that practically no contamination of the subcutaneous tissue occurs under the conditions of the technique employed here. The error that results from such extravasation would decrease the clearance rate but would not detract from the positive findings reported here.
Calculations: The activity in counts per second was plotted against time on semilogarithmic paper. In all cases studied, the results could be described as a single, decreasing exponential function. While other studies (8) have indicated that the disappearance curve is a complex function, our studies were based on the initial component which was logarithmic and extended through the first 15 to 30 minutes. In a few cases other components developed later. The present studies were completed within 20 minutes in most cases. The results are expressed both as half-time in minutes (T%), and as clearance constant (K), which is the per cent administered radioiodide removed per minute, as obtained from the expression K= 0.63
To determine the statistical significance of the clearance constant derived from the plot of the data on semilogarithmic paper, the regression line was determined and the standard deviation of the half-time of the regression line was calculated (Mather, K, Statistical analysis in biology, Chapter VIII. Interscience Publ. Inc., New York, 1947) in four representative patients for marrow and muscle. It can be seen that the experimental data fit an exponential function and that there is a significant difference between marrow clearances of different patients as well as significant differences between the marrow and muscle clearances in some of the patients (Figure 1 (e) The large dilution of I' in the systemic iodide space, and the relatively rapid excretion of I' (11) Tables I and II . Representing curves from four patients are shown in Figure 1 . The distribution of the individual K values in the leukemic and non-leukemic patients is shown in Figure 2 . There was no apparent correlation between the marrow clearance rates and the hemoglobin level, leucocyte count, weight, body temperature, and blood pressure (Figure 2 ). Although the volume of J131 in these experiments varied from 0.05 to 1.0 ml., there was no clearly demonstrable relationship between volume of injected 1"81 and clearance rate. Rapid clearance rates were obtained with both large and small volumes of I"'. The average volumes injected are indicated in Table I , and it can be seen that they did not vary more than 0.3 ml. for the marrow studies, and 0.2 ml. for the muscle studies.
In all the patients studied, the muscle K values were similar, approximately 8 to 10 per cent of the JIS" removed per minute (Tables I and II The relationship between marrow clearance and muscle clearance is presented as a ratio of marrow K to muscle K (Table I) . These ratios are plotted against hemoglobin in Figure 3 . The ratios of the non-leukemic, lymphoblastoma, and chronic myelocytic groups fall between 0.6 and 1.4 ( Figure 3 ). In the group of chronic lymphocytic leukemia patients there was a scatter of the ratio values from 0.80 to 4.0, with five patients below and four above 1.4. In the two patients with acute leukemia the ratios were 4.1 and 3.42. The two patients with monocytic leukemia had ratios of 1.03 and 0.28, and in three cases of multiple myeloma, ratios of 1.67, 1.35, and 0.50 were obtained, respectively.
Although a wide distribution of Hb was present in all groups of patients, there appears to be no direct relationship between the marrow to muscle ratio and the hemoglobin concentration (Figure 3) .
In a few patients it was possible to make additional clearance studies in order to ascertain the degree of reproducibility of the technique in the marrow. The data obtained in four patients are shown in Table III . 
DISCUSSION
The validity of the radioisotope clearance method as a measure of effective local circulatory efficacy at the injected site was demonstrated theoretically and experimentally by Kety (3, 4) . Stone and Miller (13) experimentally demonstrated that the radioactive sodium (Na24) disappearing from the site of injection in the dog muscle can be quantitatively recovered in the venous blood draining the area of injection. Little or no radioactivity was recovered in the lymphatics draining the area. Subsequent studies by others (4-10) that locally injected radioisotopes can be used to determine the effective local blood flow in muscle and skin utilizing Na24 and 18l. Minor unexplained discrepancies have been detected between the clearance rates obtained with these two isotopes (8) .
The extension of the Kety technique to a rigidly enclosed and trabeculated organ such as the bone marrow raises a question as to its validity as an index of regional blood flow in this organ. Certain experimental conditions which would be expected to affect the systemic blood flow were employed to demonstrate the validity (Figure 4) . Conversely, the injection of Paredrine resulted in a distinct increase in the clearance rate from the marrow, presumably as a result of the sympathomimetic action of this drug. These preliminary experiments indicated that alterations in the systemic circulation are reflected in the I"' clearance rate from the bone marrow. It is therefore felt that the alterations in the bone marrow clearance rate produced by these pharmacologic agents further support the interpretation that the clearance technique is a measure of effective blood flow.
Of the many factors which could conceivably influence the clearance rate of I18l in the marrow, the volume of fluid injected is an important consideration. The sudden injection of a volume of fluid could possibly produce a local increase in tissue pressure which in turn might increase the initial rate of removal. With respect to bone marrow, the 18l was injected slowly, without pain, and a period of 1 to 2 minutes elapsed before counting was begun. This interval of time allowed decompression of the injected site to occur. In many of the cases, especially in those patients with acute leukemia and chronic lymphocytic leukemia, the injected 1181 was literally aspirated into the marrow, indicating that no pressure developed from the injection. The role of the lymphatic drainage of Il81 in the marrow is difficult to evaluate. However it is probably negligible, since no anatomic evidence for a lymphatic system in this organ has been presented (14) . Tocantins reported that fluids could be administered at a rate of from 0.4 cc. to 25 cc. per minute into the marrow, but this rate probably does not reflect the peak capacity for the removal of solutions injected into the marrow cavity because of changes in intramedullary pressure and physical disruption of the marrow vascular bed. These factors as well as the resistance to flow provided by the tubing, needle, and clotting of marrow blood probably exert a marked and variable effect on the rate of flow of substances introduced into the marrow. Jones (2) has egtimated the rate of human hematopoietic marrow flow to be approxirmately 300 cc. per min. based on data obtained on rabbits in radioactive colloid uptake studies by the marrow.
The data obtained in the present study indicate that the clearance rates of 18l in such divergent types of vascular beds as bone marrow and resting muscle are essentially identical in patients with various malignancies, Hodgkin's disease and lymphosarcoma. These rates are considerably less than those reported by Wechsler, Sokoloff, and Kety (6) for human liver, where 34 to 48 per cent of the injected isotope was removed per minute. Striking increases were observed in the 1181 clearance rates in the bone marrow in leukemic patients. The rapid clearance of radioiodide from the marrow in all the cases of acute leukemia, in half of those with chronic lymphatic leukemia, and in two of the three patients with multiple myeloma suggests that the marrow vascularity in these conditions is abnormal. In the patients with chronic myelocytic and monocytic leukemia studied, the clearance rates were similar to those found in the non-leukemic group of patients.
In an attempt to dissociate the systemic circula- tory influence on the local bone marrow flow, the data were expressed as a ratio of marrow K to muscle K. This ratio should serve to minimize the effect of any generalized increase in the cardiac output on the marrow clearance rate, such as might occur in exercise, emotional stress, anemia, etc. It will be noted that in all the patients studied, with the exception of those patients with acute leukemia, chronic lymphatic leukemia, and myeloma, the ratio of marrow K to muscle K falls below 1.4. It is felt that a clearly demonstrable specific local increase in marrow blood flow is present in those diseases with ratios above 1.4. The demonstration of increased I'll clearance rates in the bone marrow in leukemia might be anticipated since these diseases have been considered to be neoplasms of the hematopoietic system (17) . Although most of the patients studied had chronic anemia, no direct relationship was found between the clearance rate and hemoglobin level (Figures 2 and 3) .
These preliminary observations give promise that the clearance rates of radioisotopes from the marrow may provide a means for the evaluation of systemic and local influences on the marrow circulation. 6 Personal communication to authors.
SUMMARY AND CONCLUSIONS
The Kety radioisotope clearance technique with Il81 has been applied to a study of bone marrow and muscle blood flow in 43 patients with various neoplastic diseases, lymphoblastomas, and leukemias. The marrow clearance rates were found to be approximately the same as resting muscle in all 17 of the non-leukemic patients studied.
In five cases of acute leukemia, marrow clearance rates were increased, being two to three times greater than the rate observed in the non-leukemic group, whereas, in five out of seven patients with chronic myelocytic leukemia, and in two cases of monocytic leukemia, the marrow clearance rates were within the range of the non-leukemic group of patients. In six out of ten patients with chronic lymphocytic leukemia, elevated clearance rates were obtained. Three out of four patients with multiple myeloma had increased marrow clearance rates. When marrow K to muscle K ratios were obtained in the non-leukemic, chronic myelocytic and monocytic leukemic patients, the values fell below 1.4. In two cases of acute leukemia and four out of ten chronic lymphocytic leukemics the ratio obtained was well above .1.4. The findings appear to demonstrate a selective increase in blood flow in the bone marrow in acute leukemia and in some cases of chronic lymphocytic leukemia and multiple myeloma, and strongly suggest that fundamental differences in the marrow vascular bed exist among the leukemic group of diseases.
Alterations were produced in the clearance rates in bone marrow following the intravenous injection of Paredrine and hexamethonium in two patients. The radioisotope clearance technique promises to be a useful tool for the investigation of the pathologic-physiology of the human bone marrow circulation.
